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列と EMCCD（Electron Multiplying CCD）カメラを用いた蛍光ナノダイヤモンドの全光
学的選択イメージング法を考案し、既存の技術と比較して生細胞や動物個体などにおける
大幅な SBR (Signal-to-Background Ratio)の改善に成功した。次に、蛍光ナノダイヤモン
ドを用いた光検出磁気共鳴(ODMR)計測におけるマイクロ波の掃引範囲を最適化すること



















た。露光時間 100 ms、128フレームで蛍光ナノダイヤモンドを探す場合、観察時間は 12.8





第 3章では、蛍光ナノダイヤモンドを用いた ODMR計測により、200 μm×200 μmを超
える広い領域にわたって高い精度で温度を計測する方法について述べた。モンテカルロ・
シミュレーションおよび約 200 個の蛍光ナノダイヤモンド輝点の実測から、2 つのコーシ
ー分布によるカーブフィッティングで最も精度良く温度決定できるのは 2860–2880 MHz
の掃引範囲で ODMR 周波数スペクトルを取得した場合であることが明らかとなった。な
お、その温度決定精度は 1 K/Hz1/2未満にも達した。温度決定のための ODMRスペクトル
の取得に 1秒間かかる場合、duty cycle 0.5より、従来の方法では、生体試料は 0.5秒間の
マイクロ波照射を受けることになる。よって、2分間かけて60回の温度決定を行った場合、
マイクロ波の照射時間は 30秒間となる。一方、本章の温度計測方法を用いれば、温度決定
精度が 1.5 倍程度向上するため、1/1.52倍の照射時間すなわち 13.3 秒間で従来法と同等の
温度決定精度が得られることがわかった。 
第 4章の結言では、上記の第 2章および第 3章の結論を踏まえ、本研究全体を通した成
果についてまとめている。先述の通り、12.8秒間の観察で生体試料中の蛍光ナノダイヤモ
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This thesis describes "all-optical selective imaging" and "optimization of 
microenvironmental temperature measurements" using 100-nm fluorescent 
nanodiamonds containing fluorescence centers consisting of nitrogen and vacancy in the 
crystal lattice: nitrogen vacancy center (NVC). Fluorescent nanodiamonds are 
attracting attention as imaging probes, allowing to quantify physical and chemical 
parameters in biological systems. In order to quantify the parameters, however, it 
requires spin operation of NVCs using ~3-GHz microwaves. Microwaves in this 
frequency band can affect the dynamics of water molecules of which composed most of 
the living body. Therefore, in biological measurement, the introduction of microwaves 
into the system is preferably minimized. In this thesis, first, we devised an all-optical 
selective imaging method for fluorescent nanodiamonds using a microsecond laser pulse 
sequence and an electron multiplying CCD (EMCCD) camera. As a result, signal-to-
background ratio (SBR) of the imaging was successfully improved in cells, in vivo and 
ex vivo compared to existing methods. Next, we improved the determination accuracy 
of microenvironmental temperature measurement by wide-field optical detected 
magnetic resonance (ODMR) using fluorescent nanodiamonds over 200 μm × 200 μm of 
region. By optimizing sweep range of the spectra, the determination accuracy was 
achieved within 1 K/Hz1/2. 
Chapter 1 described “What is life?”, and the necessity of generalization of vital 
phenomena based on physical considerations in order to connect “life” and “non-life” 
phenomena in a biological system. In order to achieve this, a scalable and exhaustive 
measurement technique is required to quantify physicochemical parameters using 
which a complex biological system can be described such as, for example, temperature, 
electric and magnetic fields, viscosity, and pH and integrate the biological classes 
between molecules (nanometer size), cells (micrometer size) and living body 
(micrometer-to-meter size). A fluorescent nanodiamond has both scalability and 
versatility in physicochemical measurements unlike existing bio-imaging methods such 
as fluorescence and magnetic resonance imaging. For this reason, the position of the 
research for the ultimate purpose was clarify by describing the fluorescent 
nanodiamond as one of the most feasible candidates for the integrated understanding 
of life in the chapter.  
 Chapter 2 described the development of an all-optical selective imaging method 
for fluorescent nanodiamonds by wide-field imaging using microsecond laser pulses. The 
applicability of the method was proved on a coverslip with a fluorescent dye rhodamine-
phalloidin (in vitro), in live cells stained with fluorescent dye JC-1, in C. elegans 
exhibiting particulate autofluorescence (in vivo), and rat hippocampus slices (ex vivo). 
As a result, fluorescent nanodiamonds were selectively observed with higher SBR than 
existing methods in all the systems. By the method, fluorescent nanodiamonds can be 
found without any microwave irradiation unlike previous ODMR-based method 
(Igarashi et al., 2012) which need microwave irradiation with 50% duty cycle. By the 
previous method, for instance, 6.4-sec microwave irradiation is required to obtain a 
selective image composed of 128-frame images with 100-ms exposure time. By contrast, 
the 6.4-sec microwave can totally be reduced by the new method. In addition, a 
demonstration of microenvironmental temperature measurements in C. elegams was 
performed using nanodiamonds found by the method to prove the practicability of the 
method in the biological measurements. 
 Chapter 3 described a method to achieve optimized accuracy in temperature 
measurement by ODMR measurement using fluorescent nanodiamonds over 200 μm × 
200 μm of region. Monte Carlo simulations and actual measurements of ~200 
fluorescent nanodiamonds showed that, the highest accuracy was obtained in spectral 
fit with two Cauchy distributions by obtaining ODMR frequency spectra over 2860–2880 
MHz sweep range. As a result, the temperature determination accuracy was 1.5 times 
improved and achieved within 1 K/Hz1/2. In general, the duty cycle of microwave is 50% 
in continuous-wave ODMR temperature measurements. This means that 0.5-sec 
microwave irradiation to the biological sample is needed in 1-sec temperature 
determination by ODMR. Therefore, the 60 times of the temperature determination over 
2 minutes required 30-sec microwave irradiation. If we need an accuracy same as the 
previous method, however, the new method can reduce the microwave irradiation to 
1/1.52 and requires only 13.3-sec irradiation. 
 Chapter 4 summarized the results of the studies based on the conclusions of 
Chapters 2 and 3. As mentioned above, fluorescent nanodiamonds in a biological sample 
could be found by 12.8-seconds observation and the temperature was measured every 2 
seconds for 2 minutes. Using the developed selective imaging and temperature 
measurement methods in combination, the microwave irradiation time can be reduced 
by 63%, from 36.4 to 13.3 seconds. Therefore, the advancement to improve 
biocompatibility of selective imaging and microenvironmental measurements using 
fluorescent nanodiamonds was achieved in this work, potentially contributing 
fundamental understandings of life. 
 
